The SLC38 family of solute transporters mediates the coupled transport of amino acids and Na ؉ into or out of cells. The structural basis for this coupled transport process is not known. Here, a profile-based sequence analysis approach was used, predicting a distant relationship with the SLC5/6 transporter families. Homology models using the LeuT Aa and Mhp1 transporters of known structure as templates were established, predicting the location of a conserved Na ؉ binding site in the center of membrane helices 1 and 8. This homology model was tested experimentally in the SLC38 member SNAT2 by analyzing the effect of a mutation to Thr-384, which is predicted to be part of this Na ؉ binding site. The results show that the T384A mutation not only inhibits the anion leak current, which requires Na ؉ binding to SNAT2, but also dramatically lowers the Na ؉ affinity of the transporter. This result is consistent with a previous analysis of the N82A mutant transporter, which has a similar effect on anion leak current and Na ؉ binding and which is also expected to form part of the Na ؉ binding site. In contrast, random mutations to other sites in the transporter had little or no effect on Na ؉ affinity. Our results are consistent with a cation binding site formed by transmembrane helices 1 and 8 that is conserved among the SLC38 transporters as well as among many other bacterial and plant transporter families of unknown structure, which are homologous to SLC38.
formed by transmembrane helices 1 and 8 that is conserved among the SLC38 transporters as well as among many other bacterial and plant transporter families of unknown structure, which are homologous to SLC38.
The sodium-coupled neutral amino acid transporter, SNAT2, 2 belongs to the SLC38 gene family of solute carrier proteins (1) . Together with SNAT1 and -4 (2), it is believed to mediate Na ϩ -dependent amino acid transport activity that was classically assigned to System A transporters (3) (4) (5) (6) (7) (8) . In addition to SNAT1 and -2, the SLC38 family has four other known members, two of which predominantly mediate glutamine transport (SNAT3 and -5, System N (9 -11)). SNAT2 is widely expressed in mammalian tissue (1, 7) , but it may play a particularly critical role in the brain (12) , where it may help shuttle glutamine from astrocytes to neurons via the glutamate-glutamine cycle (1) . This process is essential for recycling the neurotransmitter glutamate (13) . However, the exact contribution of SNAT2 to the glutamate-glutamine cycle is still controversially discussed (14) .
Despite this physiological importance, surprisingly little is known about the functional properties and the structural basis of amino acid transport by the SLC38 proteins. Although hydropathy analysis predicts 11 transmembrane helices (TMs), with an intracellular N terminus and an extracellular C terminus (1), it is not clear whether the transporters belong to a large superfamily of transporters, of which members have been characterized structurally through x-ray crystallography. At present, sequence homology has only been established with transporters of the mammalian SLC32 and SLC36 families as well as with the more distantly related plant auxin carriers and the bacterial amino acid-polyamine-organocation (APC) family (15, 16) . High resolution crystal structures are not available for any of the transporters from these families, although low resolution projection structures were recently reported for the APC family members AdiC (17) and SteT (18) . However, these structures do not allow the assignment of transmembrane helices. Thus, it remains unknown whether the SLC38 fold is similar to established transport protein folds, although homology to the major facilitator superfamily seems unlikely.
We have recently identified a conserved amino acid residue in SNAT2, Asn-82, which is involved in controlling the Na ϩ affinity of the transporter (19) . Interestingly, Asn-82 is localized in the predicted TM1 of SNAT2. This first transmembrane helix was recently found to contribute ligands to a Na ϩ binding site in several bacterial transporters, which are related to the SLC5 (sodium glucose symporter) and SLC6 (sodium-and chloride-dependent neurotransmitter transporter) family members (20 -22) , which also comprises bacterial members (23, 24) . Although sequence similarity with SLC5 and -6 is not detectable, SLC38 may be a member of a possibly very large superfamily with the same general fold, which also contains many amino acid transport proteins.
Here, we used a homology modeling approach based on profile-based sequence alignment (25, 26) . A search against sequences deposited in the Protein Data Bank (PDB (27) ) revealed that the transporters with the highest likelihood to share an analogous fold are a leucine transporter from Aquifex aeolicus, LeuT Aa , and a homologous hydantoin transporter from Microbacterium liquefaciens, Mhp1. We established a homology model based on these structures, which predicts Asn-82 to be part of a Na ϩ binding site. Furthermore, another conserved hydrophilic amino acid residue in TM8, Thr-384, was predicted to be near this cation binding site. When Thr-384 was mutated to alanine, a dramatic loss of the affinity of SNAT2 for Na ϩ was observed, whereas mutations to other sites that were spatially removed from the predicted Na ϩ binding site had little or no effect on Na ϩ affinity. We hypothesize that the SLC38 family is a member of a large superfamily of cation/ organic substrate transporters which includes the mammalian SLC5 and -6 proteins and which has a conserved cation binding site formed by TMs 1 and 8.
EXPERIMENTAL PROCEDURES
Sequence Analysis and Homology Modeling-Sequencebased multiple alignment procedures were ineffective due to the non-significant sequence homology between SLC38 transporters and LeuT Aa and Mhp1. Therefore, we used a profilebased sequence alignment approach (HHSearch procedure (26, 28) ). Searches were performed against the PDB or Scop70 (as a positive control, verifying that homology with proteins of unknown structure but known homology with SLC38 can be detected with the HHSearch algorithm). Outputs of the pairwise sequence alignments were used to create homology models with the Modeller software (29, 30) . The resulting structure files were tested for quality with the ProQ program (31) and against the InterPro secondary structure prediction algorithm (32) to test for correct helical assignment of the transmembrane segments. For alignments of hydropathy profiles, gaps were either inserted into hydrophilic domains manually at the center between peaks, before alignment of the hydrophobic peaks or through the HHPred algorithm. Detection of internal repeats was performed by pairwise aligning the peptide sequence of each of the 11 TMs of SNAT2 against the remaining polypeptide sequence, with the respective TM removed. ClustalW was used for this purpose (Bioedit suite). We have also used REPRO for finding sequence duplications in SNAT3 (33) .
Molecular Biology and Transient Expression-The SNAT2 expression construct consisted of the SNAT2 coding sequence in a modified pBK-CMV vector (⌬[1098 -1300]) (Stratagene, La Jolla, CA) as described previously (34) . cDNA encoding SNAT2 linked to the C terminus of yellow fluorescent protein (YFP) was obtained from GeneCopoeia. Site-directed mutagenesis was performed according to the QuikChange protocol (Stratagene) as described by the supplier. The primers for mutation experiments were obtained from Sigma. The complete coding sequences of mutated SNAT2 clones were sequenced. Transporter constructs were subsequently used for transient transfection of subconfluent human embryonic kidney cell (HEK293T/17, ATCC number CRL 11268) cultures using FuGENE 6 transfection reagent (Roche Applied Science) according to the instructions of the supplier. Electrophysiological recordings were performed between days 1 to 2 post-transfection.
Cell-surface Biotinylation-Biotinylation was performed essentially as described (35) . In brief, transfected HEK293T cells were grown in 10-cm plates. After the washing steps, cells were incubated in 2 ml of biotinylation reagent (2 mg/ml, EZLink Sulfo-NHS-Biotin; Pierce) at 4°C for 30 min while gently shaking. After washing, 100 mM glycine was added at 4°C and incubated for 45 min to quench any unreacted biotin reagent. The cells were lysed by adding 1 ml of radioimmune precipitation assay buffer/lysis buffer (100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, plus protease inhibitors) to the cell and by subsequent vortexing for 1 h at 4°C (although the intense vortexing resulted in generation of foam, this foam disappeared after subsequent centrifugation steps). After centrifugation at 20,000 ϫ g for 10 min at 4°C, the supernatant was transferred to a new tube. After adding 300 l of 50% slurry avidin beads (Pierce) in phosphate-buffered saline to 300 l of sample and keeping the sample at room temperature for 1 h, the beads were sedimented by centrifugation and washed with radioimmune precipitation assay buffer/lysis buffer six times, 1 ml each time. Protein was eluted from the beads by adding 150 l of 2ϫ Laemmli buffer (1ϫ Laemmli buffer contains 62.5 mM Tris, pH 6.8, 2% SDS, 20% glycerol, and 5% 2-mercaptoethanol). Each fraction was adjusted to comparable volumes with Laemmli buffer and analyzed by Western blotting using green fluorescent protein antibody obtained from Clontech.
Amino Acid Uptake Assay-HEK293T cells were plated on collagen-coated 12-well plates (1 ϫ 10 5 cells/well) in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, penicillin (100 units/ml), streptomycin (100 g/ml), and glutamine (4 mM). 48 h after transfection with vector, wild-type SNAT2, or SNAT2 T384A cDNA, the cells were washed with uptake buffer 2 times. The uptake buffer contained 140 mM sodium methanesulfonate (NaMes), 2 mM magnesium methanesulfonate, 2 mM calcium gluconate, 30 mM Tris-Mes, pH 8.0, 5 mM glucose. The cells were then preincubated in the same buffer for 5 min at 37°C before the buffer was removed and replaced with fresh buffer containing unlabeled ␣-methylamino-isobutyric acid (MeAIB) and 0.4 Ci of [
14 C]MeAIB (PerkinElmer Life Sciences; total concentration 40 M). MeAIB was used as a transportable substrate instead of alanine, because unspecific uptake of [ 14 C]alanine was too high in HEK293 cells (most likely caused by endogenous amino acid transporters other than SNAT2). After 1 min of incubation at room temperature, uptake was terminated by washing twice with 1 ml of uptake buffer on ice (after 1 min, uptake was in the linear range, as determined by quantifying the time dependence of uptake for times up to 5 min). The cells were then solubilized in 0.5 ml of 1% SDS, and radioactivity was measured by scintillation counting in 3 ml of scintillation fluid. The MeAIB uptake measurements were performed in duplicate.
Electrophysiology-Transport and anion currents were recorded using an Adams & List EPC7 amplifier under voltageclamped conditions in the whole-cell current-recording mode. The typical resistance of the recording electrode was 2-3 megaohms. The series resistance (R s ) was 4 -7 megaohms. R S was not compensated, because the whole-cell currents were small (typically Ͻ200 pA). Thus, series resistance (R S ) compensation had a negligible effect on the magnitude of the currents (Ͻ4% error). The extracellular bath buffer solution contained 140 mM NaMes, 2 mM magnesium gluconate, 2 mM calcium gluconate, 30 mM Tris, pH 8.0. All experiments were conducted at an extracellular pH of 8.0 (maximal transport rate at this pH).
For testing the Na ϩ dependence of the currents, Na ϩ in the extracellular solution was replaced with NMG ϩ (N-methylglucamine). For recording anion currents, the pipette solution contained 140 mM KSCN, 2 mM magnesium gluconate, 10 mM EGTA, 10 mM HEPES, pH 7.3. For transport current recording, the pipette contained 140 mM KMes, 2 mM magnesium gluconate, 10 mM EGTA, 10 mM HEPES, pH 7.3. The recorded currents were low-pass-filtered online at 1-10 kHz (Krohn-Hite 3200) and digitized with a digitizer board (Axon, Digidata 1200) at a sampling rate of 10 -50 kHz, which was controlled by software (Axon PClamp). All experiments were performed at room temperature.
Solution Exchange-Solution exchange was performed essentially as described previously (36) . Briefly, substrates were applied to a voltage-clamped HEK293T cell suspended at the tip of the current recording electrode with a quartz tube (opening diameter, 350 m) positioned at a distance of ϳ0.5 mm to the cell. The linear flow rate of the solutions emerging from the opening of the tube was ϳ5-10 cm/s, resulting in minimal rise times of the whole-cell current of 30 -50 ms (10 -90%).
Data Analysis-Nonlinear regression fits of experimental data were performed with Origin (Microcal software, Northampton, MA) or Clampfit (pClamp8 software, Axon Instruments, Foster City, CA). Dose-response relationships of currents were fitted with a Michaelis-Menten-like equation, yielding K m and I max . Endogenous electrogenic alanine transport activity in HEK293T cells, as measured by current recording from non-transfected cells, is minimal. Each experiment was performed in triplicate with at least two different cells. The error bars represent the mean Ϯ S.D. unless stated otherwise.
RESULTS
The hypothesis to be tested in this work is that a cation binding site is conserved between the SLC5/6 and SLC38 solute carrier families, although they show no significant sequence identity or similarity. For example, a ClustalW sequence alignment between SNAT2 and LeuT Aa shows an insignificant identity of 12%. Therefore, we used alternative methods to identify a potential relationship between SNAT2 and LeuT Aa .
Evidence for Tandem Duplication of TMs 1-5 and 6 -10-First, we applied hydropathy profile alignment (manual insertion of gaps, Fig. 1A , Kyte-Doolittle scale, (37), alignment through HHPred, supplemental Fig. 1 ) of SNAT2 with the dopamine transporter (DAT1) SLC6A3 and the bacterial transporters of known structure, LeuT Aa and Mhp1 (21, 22) . It has been previously suggested that hydropathy alignment is a useful tool for identifying distant relationships between membrane proteins (38, 39) . Fig. 1A shows that the putative TMs 1-2, 4 -5, and 9 -10 occur in pairs for all of these transporters, being separated only by short hydrophilic segments. Second, TM3 in particular and also TM8 are long (predicted 25-30 amino acid residues). This suggests a tilted configuration of these SNAT2 TMs within the membrane bilayer, as found experimentally in LeuT Aa and Mhp1 (21, 22) . Third, TMs 1 and 6 contain many hydrophilic side chains with a peak hydropathy index of about 1.7 in all but one (Mhp1) transporter tested. Fourth, amino acid residues in TM11 are poorly conserved among members of the SLC38 family, indicating that this TM is not important for substrate transport, as suggested by the structure of LeuT Aa (22) .
LeuT Aa and Mhp1 demonstrate sequence duplication of the TM 1-5 and 6 -10 domains, which are inserted into the membrane in an inverted topology (21, 22) . Therefore, we asked the question of whether such repeats can be detected in the SLC38 proteins. Evidence for internal repeats was obtained through sequence alignment of a respective transporter segment (a predicted TM domain) against the remaining protein (Fig. 1B) . The most notable repeat was a 28-residue TM5-TM10 repeat (motif 3 in Fig. 1B) . Two other, although shorter, repeats were found between TM2-TM7 and TM3-TM8 (Fig. 1B, motifs 1 and  2) . These repeats, which are highlighted in Fig. 1C , map to the predicted SNAT2 topology as if TMs 1-5 and 5-10 were generated by sequence duplication, as proposed for LeuT Aa and Mhp1 (21, 22) . Statistical analysis shows that these repeats are 50 -200-fold more likely compared with what would be expected by alignment to a random sequence (Fig. 1B, table) . Moreover, alignment of the sequences of the C-terminal and the N-terminal halves of SNAT3 shows 16% sequence identity and 35% sequence similarity, consistent with tandem duplication. A hydropathy plot of an alignment of the N-terminal and C-terminal segments of SNAT2 is illustrated in supplemental Fig. 2 , showing reasonable alignment for all predicted TM helices, except TMs 3 and 8. For all the above reasons, the general folding pattern of SNAT2 demonstrates evidence for tandem duplication and appears to mimic that of the known structure of the bacterial transporters that are related to the SLC5 and SLC6 families.
Homology Modeling Suggests a Relationship with SLC5/6 Transporters-To further test the predicted distant relationship of SNAT2 and LeuT Aa , we performed profile-based alignment using the HHSearch method, which has been shown to be efficient in finding distant relationships between protein families (26) . The algorithm was run against the sequences deposited in the PDB, which contains LeuT Aa and Mhp1. This search resulted in PDB structures 2A65 (LeuT Aa ) and 2JLN (Mhp1) as the most likely hits (21, 22) , with a HHSearch score of 108 for SNAT2 alignment with LeuT Aa . The alignment with LeuT Aa resulted in sequence identity of 15% and similarity of 33%. The sodium galactose transporter, vSGLT (20) , which is related to LeuT Aa and Mhp1, was also found as a hit (supplemental Fig.  3B ) as well as BetP (40) . The helical domains predicted by this homology model fit well with helical segments from secondary structure prediction (supplemental Fig. 4) . As a positive control for the algorithm, we used the human GABA (␥-aminobutyric acid) transporter sequence GAT1 (GABA transporter 1; SLC6), which is more closely related to LeuT Aa and yielded a score of 995 (Fig. 2C) . As a negative control, the Lac permease from Escherichia coli and GltPh from Pyrococcus horikoshii, which are not related to LeuT Aa , yielded a score of 13 and less. The HHSearch score and those of GabP (␥-aminobutyric acid permease (41), APC family member related to SNAT2) and SNAT1 alignments are summarized in Fig. 2C . This profile-based alignment was then used to generate a homology model of SNAT2 using LeuT Aa as the template (Fig. 2B , sequence of predicted TMs 1 and 8 shown in Fig. 2A) . The model was validated with ProQ, resulting in an LGscore of 4.5 (Fig. 2C , energy minimized using Swissmod, LGScores Ͼ4 indicate native-like structures).
LGscores of positive and negative controls are also shown in Fig. 2C , underscoring the validity of this homology modeling approach. Similar results were obtained for repeating this approach with Mhp1 as a template (supplemental Fig. 3A) , although the LGscore was Ͻ4, indicating a non-native structure. Together with the results obtained for vSGLT and BetP (supplemental Fig. 3B ), Leu-T Aa appears to be the best template for SNAT2 homology modeling. To summarize, the sequence analysis and homology modeling data predict that the SLC38 family is distantly related to the SLC5/6 families.
A Mutation to a Conserved Amino Acid Residue in Proximity to the Predicted Cation Binding Site Eliminates the Na
ϩ -induced Anion Leak Current-The homology model predicts that Asn-82, which has been shown previously to control Na ϩ interaction with SNAT2 (19) , is in close proximity to one of the two Na ϩ binding sites of the template. In LeuT Aa , two OH-containing amino acid side chains in TM8 (Thr-354, Ser-355) also contribute ligands to this Na ϩ binding site. Ser-355 aligns with a conserved threonine, Thr-384, of SNAT2 ( Fig. 2A ). Therefore, we tested whether mutation of Thr-384 to alanine affects Na ϩ interaction with SNAT2. It was previously shown that Na ϩ binding activates an uncoupled anion current in SNAT2, which is inhibited by subsequent amino acid binding (34) . Consistently, Fig. 3A shows inward anion currents (SCN Ϫ outflow) generated by the application of 140 mM Na ϩ to the wild-type transporter (Ϫ110 Ϯ 20 pA, n ϭ 5). However, little anion current was observed for SNAT2 T384A (Ϫ11 Ϯ 2 pA, n ϭ 6, Fig. 3A) . In contrast to SNAT2 WT , which has a dissociation constant for Na ϩ (K Na (app)) of 105 Ϯ 8 mM (n ϭ 5, Fig. 3B ), increasing Na ϩ did not result in saturation of the anion current of the T384A-mutant transporter (Fig. 3B) , suggesting that it cannot support anion FIGURE 1. SLC38 transporters are predicted to be distantly related to the SLC5 and -6 transporter families. A, Kyte-Doolittle hydropathy index alignment of SNAT2 (red) with DAT1 (dopamine transporter), LeuT Aa , and Mhp1. B, sequence alignments of three sequence repeats (motifs 1, 2, and 3) of SNAT2: identical residues (Խ), conservative substitutions (:), and similar residues (.) are indicated. The statistic evaluation of the alignments is shown in the table. C, predicted topology of SNAT2 with the sequence repeats shown in blue (motif 1), red (motif 2), and green (motif 3). The C-terminal half is shown as the blue dotted box and the N-terminal half as the red dotted box. The amino acid residues mutated are shown as circles (red circles indicate residues that affect Na ϩ affinity upon mutation).
current or that its interaction with Na ϩ is inhibited. This phenotype is similar to that found previously for SNAT2 N82A (19) .
A further possibility is that SNAT2 T384A is not expressed in the plasma membrane. However, this possibility is unlikely because (i) cell surface expression of a yellow-fluorescent protein-tagged SNAT2 T384A (YFP-SNAT2 T384A ) is not significantly changed compared with SNAT2 WT (Fig. 3C) , as determined by cell-surface biotinylation followed by Western blotting (YFP-SNAT2 is fully functional, not shown), (ii) expression patterns in the cell are unchanged compared with the wild-type transporter, as determined by immuno-cytochemistry (supplemental Fig. 5) , and (iii) the mutant transporter supports transport current, as described later. Another mutation of a conserved residue in TM1, G88A, also decreased the maximum anion current but did not abolish it (K Na (app)) of 130 Ϯ 15 mM, n ϭ 5, Fig. 3B) .
In SNAT2 WT , application of alanine in the presence of extracellular Na ϩ leads to the inhibition of the anion leak current (34) . However, no inhibition of anion leak current was seen in SNAT2 T384A (supplemental Fig. 6 ), although alanine binds to the transporter at 10 mM concentration (see below). Together, these results suggest that the T384A mutation prevents anions form permeating the transporter, like previously found for SNAT2 N82A .
The T384A Mutation Interferes with Substrate Transport-To further test the mechanism of the T384A mutational effect, we determined SNAT2 transport currents induced by 10 mM alanine. Although a significant transport current was observed in SNAT2 T384A -expressing cells (340% over control), this current was significantly reduced versus SNAT2 WT current (22% of WT, Fig. 4, A and B) . These currents are caused by substrate transport and not by leak conductances, as demonstrated in supplemental Fig. 7 . The alanine transport current data were supported by current recording and uptake experiments using the specific System A transportable substrate MeAIB, which showed no significant uptake activity (Fig. 4B) . MeAIB is transported by SNAT2 WT at a rate of 85% that of alanine, as indicated by current recordings (Fig. 4B) . These results suggest that the T384A mutation interferes with the ability of SNAT2 to transport amino acid, as previously found for the N82A mutation (19) . However, MeAIB uptake may be also impaired in SNAT2 T384A because it binds with very low affinity (K AA (app) ϭ 95 mM, supplemental Fig. 8) .
Effect of the T384A Mutation on Substrate Affinity-The amino acid and the co-transported Na ϩ ion were proposed to bind to their extracellular binding sites in an ordered sequence, with Na ϩ binding first and amino acid binding second (4, 19, 34) , as shown in the following scheme.
Although alternative, random order substrate binding schemes cannot be fully ruled out, it is, however, clear that Na ϩ does not require bound amino acid to interact with SNAT2 (19, 34) . According to this Na ϩ -first binding scheme, defective Na ϩ binding to a mutant transporter with a high K Na as well as A, sequence alignment of TMs 1 and 8 (gray bars) of SNAT2 and LeuT Aa (red, conserved residues; yellow, similar residues; black box and stars, residues proposed to contribute to cation binding. B, structural model obtained from homology modeling using LeuT Aa as a template. The predicted repeats are indicated in color code as in Fig. 1, B and C. The arrows show the direction of the polypeptide chains for motif 2. C, scores from the HHSearch profile alignment with LeuT Aa (gray bars, left axis) and LGscores from ProQ check of the resulting homology models (black bars, right axis). GabP, ␥-aminobutyric acid (GABA) permease; GAT1, GABA transporter 1; EAAC1, excitatory amino acid carrier 1; LacY, lactose permease.
defective amino acid interaction should result in a high apparent K AA (app) for alanine binding, according to,
where K AA is the intrinsic dissociation constant of SNAT2 for amino acid. K AA (app) WT was reduced by a factor of 1.3 Ϯ 0.1 when doubling Na ϩ from 140 to 284 mM ( Fig. 5A and B) , consistent with an intrinsic K Na of 115 mM (measured K Na (app) ϭ 105 mM). In contrast, doubling Na ϩ resulted in a more than 2-fold reduction of the K AA (app) of SNAT2 T384A for alanine (Fig.  5, A and B) , suggesting an intrinsic K Na of Ͼ5 M from Equation 1. Thus, these data suggest that impaired Na ϩ binding indirectly results in an increased apparent K AA (app) of the transporter. For SNAT2 WT , a third data point for K AA (app) ϭ 1.3 Ϯ 0.15 mM was collected at 10 mM extracellular Na ϩ (Fig. 5B) . This data fit well with the intrinsic K Na value listed above (expected 14 C]MeAIB (40 M) was measured at 1 min in NaMes-containing buffer. Leak currents were subtracted. The comparatively large error bar of the currents in the SNAT2 WT -expressing cells is caused by the up to 3-fold differences in expression levels between different cells. The black stars (*) indicate statistical significance compared with SNAT2 WT at the p Ͻ 0.05 level, as determined by one-way analysis of variance followed by Tukey's post-hoc analysis. Statistical significance versus control currents/uptake is illustrated by the gray star (*). Ϫ, no error analysis performed.
FIGURE 5. Increasing extracellular Na
؉ causes differential effects on the apparent affinity of SNAT2 WT and SNAT2 T384A for alanine. A, K AA (app) of SNAT2 T384A and SNAT2 WT for alanine was determined by recording substrateinduced transport current as a function of alanine concentration in the presence of 140 and 284 mM extracellular NaMes at 0 mV. SNAT2 WT , Ⅺ at 140 mM Na ϩ and E at 284 mM Na ϩ ; SNAT2 T384A , f at 140 mM Na ϩ and F at 284 mM Na ϩ . B, comparison of K AA (app) for L-alanine of SNAT2 T384A and SNAT2 WT in the presence of 10, 140, and 284 mM extracellular Na ϩ . Two-way analysis of variance indicates a significant difference between the K AA (app) for SNAT2 WT and T384A as well as a significant difference between the K AA (app) values at 140 and 284 mM Na ϩ (at the p Ͻ 0.05 level, indicated by the stars.
K AA (app) ϭ 1.6 mM). For SNAT2 T384A , the K AA (app) was too high to be reliably determined, as expected K AA (app) ϭ 160 mM at 10 mM Na ϩ . Effect of the T384A Mutation on Voltage Dependence of Transport-Although SNAT2 T384A alanine transport currents (10 mM alanine, 140 mM Na ϩ ) were small at 0 mV, they increased exponentially at increasingly negative transmembrane potential (Fig. 6, A and B) . In contrast, the IV relationship of SNAT2 WT is more complex, showing little voltage dependence at voltages of Ϫ30 mV and above and steeper voltage dependence at more negative voltages. This may indicate a change in the rate-limiting step. This IV relationship was altered when the extracellular alanine concentration was reduced from 10 mM (saturating concentration) to 0.5 mM (70% saturation, Fig. 6, B and C) . A reduction of Na ϩ to 1 mM (20 mM alanine) had a similar effect (Fig. 6D) . The IV relationship of SNAT2 T384A transport currents at 140 mM Na ϩ and 40 mM alanine (70% saturation) was very similar in slope to those of the WT transporter at the same saturation level. Thus, the T384A mutation does not change the intrinsic voltage dependence of SNAT2 transport, consistent with being a non-charge-altering mutation. However, the apparent voltage dependence is increased because the Na ϩ and/or the alanine binding sites are not saturated.
The T384A Mutation Strongly Interferes with Na ϩ Interaction with SNAT2-To measure the K Na of wild-type and mutant SNAT2 directly, we determined the alanine-induced transport current as a function of extracellular Na ϩ at an alanine concentration of 20 mM (Fig. 7A) . The apparent K Na (app) of SNAT2 WT was 800 Ϯ 200 M (alanine-bound transporter, n ϭ 5), consistent with an intrinsic K AA of 140 M and a K Na of 115 mM (determined in Figs. 3 and 5, Table 1 ) according to the equation,
In contrast, the apparent K Na (app) of SNAT2 T384A was increased ϳ800-fold to 250 Ϯ 100 mM (n ϭ 6, Fig. 7B ). The intrinsic dissociation constants that are in best agreement with the WT and mutant data shown in Figs. 5 and 7 (using a least squares minimization approach with both Equations 1 and 2 at two Na ϩ concentrations of 140 and 284 mM) are listed in Table 1 , indicating that the T384A mutation has a dramatic effect on the intrinsic K Na (at least 130-fold increase compared with SNAT2 WT ) but only little effect on K AA .
Mutations to Sites Other Than Asn-82 and Thr-384 Have Little Effect on Na
ϩ Binding-The results described so far implicate amino acids in positions 82 and 384 to be involved in controlling Na ϩ affinity, consistent with being part of a predicted Na ϩ binding site. To test whether this effect on affinity is specific to this binding site or whether it is caused unspecifically also by other mutations, we determined the Na ϩ dissociation constants of a number of other, randomly chosen mutated transporters (Fig.  8A) . Although two of the mutated transporters, SNAT2 Y337A (19) and SNAT2 C279S , changed K Na moderately, between 2-and 5-fold, the other 5 tested mutations had little (less than 2-fold) effect on K Na . These results suggest that the dramatic increase of K Na is specific for the mutations to the predicted Na ϩ binding site.
DISCUSSION
Here, we propose a distant relationship between the transporters belonging to the mammalian SLC38 family and those of the SLC5 and -6 families, of which the general structural folding pattern is known, harboring a conserved cation binding site within the transmembrane domain. Like the SLC5/6 counterparts, the SLC38 transporters appear to have evolved trough tandem duplication of an ancestral protein with 5 transmembrane helices, resulting in topological inversion of the C-terminal 5 TMs (Fig. 1C) . However, in contrast to the SLC6 family and LeuT Aa and Mhp1 (21, 22) , TM12 is missing in the SLC38 family, resulting in an extracellular C terminus. Because the LeuT Aa and Mhp1 structures predict TMs 11 and 12 to be spatially removed from the translocation pathway, these helices are not likely to be essential for transporter function. Consistently, amino acids in TM11 are the least conserved among the SLC38 family members. It should be also noted that many bacterial SLC6 sequences predict 11 TM helices.
Based on the proposed distant relationship, we generated a homology model of SNAT2 using LeuT Aa and Mhp1 as the templates to test for the general folding pattern of SNAT2. This homology model is intended to provide information on the backbone fold of the SNAT2 poly peptide chain to indicate amino acid residues as targets for mutagenesis studies. The model is not expected to provide the detailed location of amino acid side chains. Because LeuT Aa and Mhp1 both have a conserved Na ϩ binding site (21, 22) , we checked for conserved amino acid residues in the SNAT2 homology model that may contribute ligands to this binding site. We identified Asn-82 in TM1 and Thr-384 in TM8 (Fig. 2, A and B) , both of which are conserved throughout the SLC38 family (supplemental Fig. 9 ). Although in LeuT Aa and Mhp1 TM1 contributes only backbone carbonyls as ligands to the Na ϩ binding site (21, 22) , TM8 contributes two side chain ligands, one of which is conserved in the profile-based sequence alignment between SNAT2 and LeuT Aa (SNAT2 Thr-384, Fig. 2A ). We have also used sequence alignment of transporters from the APC family, which is known to be related to SLC38 (16) , with LeuT Aa and Mhp1 (Fig. 2C and supplemental Fig. 3 ). The APC transporters are also predicted to have a similar general fold as the SLC6 transporters, as hypothesized recently by Lolkema and Slotboom (42) . However, they appear to be more closely related to Mhp1, because the proposed cation binding motifs in TMs 1 and 8 are fully conserved in some of the APC transporters. This binding motif consists of the AXXI motif in TM1 and the S(T)S(T) motif in TM8.
The LeuT Aa and Mhp1-based homology models were verified experimentally, as shown in Fig. 8B . We used a mutagenesis mapping approach, illustrating the effect of mutations on Na ϩ binding to SNAT2. The mutations generating the largest effect on K Na (Ͼ5-fold) are indicated in red. Clearly, these mutations map to the predicted cation binding site on the homology model, although mutations to other sites have little or no effect on K Na . We reported previously that mutations to Asn-82, which is part of the predicted cation binding site, strongly reduce the affinity of SNAT2 for Na ϩ . These results are consistent with mutagenesis data from SNAT3, in which the analogous and conserved residue N76 abolishes substrate transport (43) . Here, we have extended these studies to Thr-384, which is critical for Na ϩ interaction, but which differs from the Asn-82 mutations in that substrate transport is still possible. In fact, increasing the Na ϩ concentration to increase saturation of the Na ϩ binding site significantly increases transport current, whereas this was not the case in SNAT2 N82A (19) . This result points to a more subtle effect of the T384A mutation. Although the detailed geometry of the SNAT2 Na ϩ binding site cannot be directly determined through our mutagenesis and homology modeling studies, we propose a hypothetical structural model, shown in supplemental Fig. 10 . In this model Asn-82 coordinates the cation with its main-chain carbonyl oxygen as well as with its side-chain oxygen. Interestingly, the critical part of TM8 has only one side-chain hydroxyl as a ligand, in contrast to two OH ligands in LeuT Aa . The most likely explanation for this difference is that the SNAT2 Asn-82 sidechain amide oxygen substitutes for the missing serine (threonine) side chain ligand in position 385 (supplemental Fig. 10) . Thus, the hypothesized SNAT2 cation binding site has a coordination number of 5, in analogy with LeuT Aa and Mhp1 (21, 22) . We calculated the valence of this hypothetical Na ϩ binding site using an empirical approach (Ref. 44 , supplemental information to Fig. 10) , yielding a value of 1.07 for Na ϩ as a ligand. This is in excellent agreement with expected valences for Na ϩ binding sites (44) . The proposed Na ϩ binding site does not involve cation coordination contributed by the amino acid substrate. Therefore, it may be possible that the amino acid can bind in the absence of cation, although most likely with low affinity.
Further evidence for a relationship between SLC38 and SLC5/6 family members comes from studying functional properties and the transport mechanisms of the transporters. In many members of the SLC5/6 families, it was found that electrogenic Na ϩ binding and/or a conformational change induced by this Na ϩ binding are a major contributor to the voltage dependence of the overall transport process (45) (46) (47) . Furthermore, sequential binding of at least one Na ϩ ion followed by binding of the organic substrate is a common feature of proposed transport mechanisms (46, 47) . System A transporters share those mechanistic features (4, 19, 34, 48) , suggesting that mechanism is conserved in these distantly related transporters, whereas the polypeptide sequence has diverged greatly. Therefore, detecting distant transporter family relationships by studying mechanism may be more useful than relying only on genetic sequence comparison approaches.
SNAT2 was shown to be associated with an anion conductance, which is activated by Na ϩ binding to the transporter and which is inhibited by the binding of the amino acid substrate (34) . This is an uncoupled conductance, with anion flux being only determined by the electrochemical driving force for the anion but not the transported cation/substrate. Mutations to amino acids Asn-82 and Thr-384, which are part of the predicted cation binding site, abolish this anion conductance ( Fig.  3 and supplemental Fig. 6 ). Therefore, it is likely that these sites not only control Na ϩ affinity and coupled cation/substrate movement but also uncoupled current components.
While this work was under review two x-ray structures of a bacterial arginine:agmatine antiporter from the APC family were published (49, 50) . These structures confirm our proposal of a similar structural fold of the SLC5-6 and the APC/SLC38 transporters.
To summarize, the present study provides theoretical and experimental support for a distant relationship between members of the SLC38 and SLC5/6 families of transporters. Our results predict the existence of a conserved cation binding site, formed by amino acid residues contributed by transmembrane helices 1 and 8. A homology model was generated that allows the prediction of amino acid residues involved in binding of the amino acid substrate, facilitating future structure-function studies on SLC38 transporters and the generation of molecular models that allow the design of drugs acting on the SLC38 proteins.
